ABSTRACT: A series of beta/MCM-41 composites with different molar ratios of microporous template agent (tetraethylammonium hydroxide or TEAOH) to mesoporous template agent (cetyltrimethylammonium bromide or CTAB) was synthesized using a two-step method. Results of X-ray powder diffraction, scanning electron microscopy and N 2 adsorption confirmed that a proper molar ratio of TEAOH to CTAB benefit the formation of composite structures. The measurements of adsorption of n-butane onto the assynthesized composites were performed at 308 K. All the experimental data fitted well with the Langmuir model. The results of n-butane adsorption demonstrated that the specific surface area and micropore volume played important roles in determining the adsorption capacity of the composites. The isosteric heat of n-butane adsorption at different coverage was also calculated using Clausius-Clapeyron equation.
INTRODUCTION
Emissions of volatile organic compounds (VOCs) can be harmful to human health and cause air pollution even at a very low concentration (Dimotakis et al. 1992; Foster et al. 1992 ). Adsorption, catalytic or thermal oxidation, filtration, absorption, membrane pervaporation and condensation are the common techniques used to remove VOCs (Ruddy and Carroll 1993; Khan and Ghoshal 2000; Vorontsov et al. 2000) . Among all these methods, adsorption is one of the best methods to be used because of the following: easy to operate, low cost, reuse of the adsorbent (Qu et al. 2009) .
Zeolites are now widely used in adsorption, catalysis and cation exchange. Composite molecular sieves, which possess both large pore sizes of mesopores and unique characteristics of microporous materials, are increasing being used as catalysts. Ogura and co-workers (Ogura et al. 2011) synthesized SBA-15/MCM-22 composite material using a dry gel conversion technique and it showed unique acid properties. An H-M-22/M-41 composite, which exhibited a significant increase in selectivity towards p-xylene and high toluene conversion, was synthesized by growing MCM-41 over the external surface of H-MCM-22 by Xue and co-workers Frunz and co-workers (Frunz et al. 2006 ) assembled a mesoporous structure using ZSM-5 as the precursor and discussed its performance on cumene and TiPB cracking. Ooi and team (Ooi et al. 2004) synthesized the MCM-41/beta composite using a seeding method and found that it enhanced the activity and selectivity of gasoline fraction. Some other kinds of microporous and mesoporous composites are also investigated, such as MFI/MCM-48 (Solberg and Landry 2007), beta/MCM-48 (Mazaj et al. 2007) , MFI/MCM-41 (Poladi et al. 2002) , beta/TUD-1 (Waller et al. 2004) , zeolite L/MCM-41 (Huo et al. 2010) . However, among all the researches, few studies focused on the adsorptive properties of the composite materials, which we believe could have great potential as adsorbents.
MCM-41, which possesses hexagonally packed arrays of one-dimensional cylindrical pores with large surface area and pore volume , was chosen as the fundamental mesoporous material in this study. Zeolite beta contains a 3D system of large pores circumscribed by a 12-member ring (Nakao et al. 2004) . We used zeolite beta as the microporous precursor. This article mainly focuses on the preparation and characterization of beta/MCM-41 composites. In addition, we also investigated the adsorptive performance of the composites.
EXPERIMENTAL SETUP

Material Preparation
Beta/MCM-41 composites were prepared using sodium aluminate and tetraethyl orthosilicate (TEOS; 25 wt% aqueous solution) as alumina and silica sources, respectively. We used tetraethylammonium hydroxide (TEAOH, 25 wt% aqueous solution) and cetyltrimethylammonium bromide (CTAB) as the template agents of microporous and mesoporous materials, respectively. The typical synthesis of zeolites followed the procedure suggested by Guo and co-workers (Guo et al. 2001 ) but with some modifications: a certain amount of TEAOH was dissolved in deionized water to which certain amounts of sodium aluminate and NaOH were added at 303-323 K with vigorous stirring. Once the solution became transparent, few drops of TEOS were added. After the mixture became gelatinous with continuous stirring, it was transferred into a stainless steel autoclave within a Teflon bottle for hydrothermal treatment at 413 K. Ten hours later and after the bottle was cooled to room temperature, the precursor of zeolite beta was obtained. We then added CTAB to the white colloidal product and adjusted the pH to 10 by drop-wise addition of acetic acid with stirring. Again, the mixture was transferred into the stainless steel autoclave for hydrothermal treatment for 48 hours at 373 K. The products were filtrated, adjusted to pH 8.5-9.0 and dried at 363 K for 12 hours. The dried composites were calcined at 823 K for 6 hours in a nitrogen flow at an initial heating rate of 1 K/minute in a horizontal tube furnace. The molar ratio of 
Characterization of the Zeolites
X-ray powder diffraction (XRD) studies were carried out in the 2θ range of 1-8°and 10-80°. The corresponding data were obtained on a Rigaku D/MAX 2500PC with Cu-K α1 radiation. Scanning electron microscopy (SEM) was performed on an S-4200N apparatus (Hitachi).
The adsorption and desorption isotherms of nitrogen were measured using a gas adsorption-desorption measuring apparatus (BELSORP mini-II). Before measurement the XRD patterns, the samples were degassed at 673 K under a vacuum below 1 kPa for 3 hours to clean the surface of the adsorbents. The temperature for nitrogen adsorption-desorption measurements was 77 K. We used Brunauer-Emmett-Teller method to calculate the specific surface area in the P/P 0 range of 0.05-0.3. The pore-size distribution was calculated on the basis of adsorptive branch using Barrett-Joyner-Halenda (BJH) and micropore method, respectively.
Adsorption Tests
In this study, n-butane was used as a representative of VOCs. The measurement of n-butane adsorption was also performed using BELSORP mini-II. The pre-treatments were the same as the measurements of N 2 adsorption and desorption. However, the isotherms of adsorption were obtained at different temperatures. Figure 1 shows the XRD patterns of five adsorbents. As illustrated in Figure 1A , all the adsorbents exhibited one peak at approximately 2°in the 2θ range of 1-8°. This peak corresponding to the (100) crystal plane of MCM-41 revealed the hexagonal symmetry of MCM-41 crystalline materials Kresge et al. 1992) . Among these peaks at 2°, the peak intensity of B/M-2 was the highest while the peak of B/M-5 was the most broadening and lowering. Therefore, B/M-2 had the best mesoporous crystallinity while B/M-5 had the worst mesoporous crystallinity. We can also observe that the peak below 2°became stronger as more microporous template agents were added during preparation. This peak which belonged to zeolite beta was also shown by Nakao and co-workers in their study (Nakao et al. 2004) . Figure 1B presents the patterns in the 2θ range of 10-80°. All composites displayed one peak at approximately 22.5°, indicating the formation of microporous phase in zeolite beta (PerezPariente et al. 1987) . They all presented the same pattern, and only differed in the intensity and position of the peaks. By observing all the XRD patterns, we found that all the composites exhibited the characteristics of zeolite beta phase and MCM-41 phase.
RESULTS AND DISCUSSION
Characterization of the Adsorbents
SEM images of all samples are shown in Figure 2 . All the loose phases could be assigned to the mesoporous particles belonged to MCM-41 aggregates with a particle size <2 µm (Guo et al. 2001) . Meanwhile, the phases of microporous particles that belong to zeolite beta were different in every sample. B/M-1 has a large discrete sheet-like phase of microporous structure, which is more than several micrometre as illustrated in Figure 2(a) . Only the edge of the MCM-41 aggregates was connected with the large sheet of microporous material. With the increasing proportion of microporous template agent, a lump-like particle of microporous material is observed in the top left corner of Figure 2 (b). Next to the lump, well-dispersed aggregates, which belong to the mesoporous phase of MCM-41 was observed. Figure 2(c) shows the well-formed ball-like particles, which belong to the zeolite beta (Zhang and Li 2008) . Zeolite beta crystals were well-embedded in the loose MCM-41 aggregates. Figure 2 (d) displays a large zeolite beta aggregates evenly covered by MCM-41 crystals. As depicted in Figure 2 (e), the beta crystals look like slices and the mesoporous materials did not appear to form well. From all the SEM images we could conclude that the forms of the microporous particles were different with the different proportions of microporous template agents. It seemed that a better MCM-41 crystal was formed in B/M-2 compared with the other four, while B/M-3 had the best microporous crystal in our samples. the isotherm of B/M-5 also shows the filling effect of the micropores, it is not obvious. Between the 0.3 and 0.8 P/P 0 ranges, a step could be observed and all isotherms also showed hysteresis loops between the P/P 0 ranges 0.35 and 1.0. The loops were corresponding to the mesopores formed in the samples (Bordoloi et al. 2006; Liu et al. 2010) . At approximately 1 atmospheric pressure, all curves rose up sharply because of the N 2 adsorption in the pores formed by the gaps between the powdery samples. The hysteresis loops caused by capillary condensation demonstrated the existence of mesoporous structure directly. Although the hysteresis loop of B/M-3 is not obvious, it does exist. The micropores filling effect is not strong for B/M-5 as shown in Figure 3 . By calculating pore-size distribution using the micropore method, we the other four. It also explained that the hysteresis loop of B/M-3 was much smaller than the other four. Some main physical properties are summarized in Table 1 . From Table 1 , we can conclude that B/M-3 had the biggest specific surface area, the largest total pore volume and the largest micropore volume. Based on the XRD results, we could conclude that all samples presented the characteristic peak of zeolite beta. During the crystallization of composites, different molar ratio of TEAOH to CTAB would affect the formation of composite crystals. Various forms of the composites were observed through SEM. From N 2 adsorption and desorption isotherms and pore-size distributions, we confirmed that the composites had different pore structures. Combining all the characterizations of samples, we could conclude that a proper molar ratio of TEAOH to CTAB would benefit the formation of composite structures.
Adsorptions of n-Butane
The measurements of n-butane adsorption were performed at around room temperature (308 K). After the measurements, we used the Langmuir equation to fit the experimental data. Langmuir equation can be expressed in the following form:
where V a is the volume adsorbed at the adsorptive pressure p. V m is the maximum adsorbed volume to a complete monolayer coverage and B is the Langmuir constant, which is related to the temperature, adsorbent and adsorbate. Equation (1) also can be transformed into another form as follows: confirmed that all samples had one peak at 1.1 nm, which was corresponding to zeolite beta. The pore-size distributions calculated by BJH method are displayed in Figure 4 . The mesopores were distributed mainly below 5 nm as shown in Figure 4 . We could observe that the pore-size distribution of B/M-3 was more concentrated than the other four, but it had less mesopores than intercept 1/BV m . The values calculated for the adsorption of n-butane onto the synthesized composites at 308 K are summarized in Table 1 . Then we could draw the Langmuir fitting curves using equation (2). Figure 5 depicts the isotherms of n-butane adsorption on as-synthesized adsorbents. Figures 5(b) and 5(c) are elevated vertically for convenient observance. Our results show that B/M-3 had the largest maximum n-butane adsorptive capacity (i.e. 52.612 cm 3 /g). In contrast, the adsorptive capacity of B/M-2 was 38.074 cm 3 /g, for B/M-4 it was 33.211 cm 3 /g and for B/M-1 it was 20.638 cm 3 /g. B/M-5 had the worst capacity for n-butane adsorption, which was only 9.8759 cm 3 /g. We could observe that all the experimental data fitted well to the Langmuir model. Therefore, we can assume that the adsorption process was more likely to be monolayer adsorption. We also confirmed that the sequence of n-butane adsorption capacities was the same as the sequence of specific surface area and micropores volume. Specific surface area surely played an important role in the process of monolayer adsorption. The other key factor relating to the adsorption was the interactions between adsorbates and adsorbents. The dynamic diameter of n-butane molecule is approximately 0.43 nm, which is small enough to get into all the pores of our composites. The superimposed potential that existed in micropores is much more powerful owing to the smaller pore size than the mesopores. The principle is the same with micropores filling effect. Therefore, the micropore volume determined the adsorption amount of n-butane to a certain extent.
The isosteric heat of ad sorption is important for equilibrium and dynamic studies of adsorption systems. It also can help us to understand the interactions between adsorbates and adsorbents. The Clausius-Clapeyron equation is commonly used to estimate the isosteric heat of adsorption as follows: 
where ∆H ads denotes isosteric heat of adsorption in kJ/mol. p means the equilibrium pressure in bar. T is the adsorbent temperature in Kelvin and R is the gas constant (R = 8.3145 J/mol·K). Measurements of n-butane adsorption were initially performed at 308, 318, 328, 338 and 348 K. Then, we could obtain the isosteric heat of n-butane adsorption on composites by calculating the slope of the linear line, which showed the relationship between variations in pressure and temperature during isosteric heating. Because the adsorption of n-butane was regarded as a monolayer adsorption, the coverage could be defined as the specific value of adsorption amount to the maximum adsorbed volume on a complete monolayer (V m ). Because the maximum calculable coverage was less than 14% for all composites in the temperature range of 308-348 K, we calculated the isosteric heat of adsorption in less than 14% for the coverage. Figure 6 shows the isosteric heating lines at different coverage. Figures 6(a-c) were obtained at the coverage of 4%, 8% and 12%, respectively. After calculating the slopes of the linear trend lines in Figure 6 and by multiplying R we could obtain the values of isosteric adsorption heat-adsorption is an exothermic process, but is noted as a positive value customarily. shows the isosteric heat of adsorption at different coverages. We could observe that B/M-3 was the easiest to adsorb n-butane on it, whereas B/M-5 was the hardest. Moreover, the sequence of isosteric heat of adsorption was basically consistent with the sequence of adsorption amounts of n-butane. It was also confirmed that the isosteric heat of adsorption would decline with the increasing coverage.
CONCLUSIONS
In this study, a series of microporous and mesoporous composite molecular sieves with different molar ratio of TEAOH to CTAB were synthesized in a two-step method. XRD, SEM and N 2 adsorption were used to characterize the as-synthesized composites. Among all the composites, B/M-2, B/M-3 and B/M-4 were considered to be the more successful samples than the other two. They had more reasonable topological structures, better pore-size distributions and more adsorption amounts for N 2 than B/M-1 and B/M-5. Additions of improper proportions of TEAOH were against the formation of composite structure. We also tested the adsorption properties of the composites for n-butane, which was chosen as a representative of VOCs. At around the room temperature (308 K), B/M-3 had the largest adsorption capacity for n-butane (52.612 cm 
